Solar ultraviolet (UV) light is a major etiological factor in skin carcinogenesis, with solar UV-stimulated signal transduction inducing pathological changes and skin damage. The primary sensor of solar UV-induced cellular signaling has not been identified. We use an experimental system of solar simulated light (SSL) to mimic solar UV and we demonstrate that Fyn is a primary redox sensor involved in SSL-induced signal transduction. Reactive oxygen species (ROS) generated by SSL exposure directly oxidize Cys488 of Fyn, resulting in increased Fyn kinase activity. Fyn oxidation was increased in mouse skin after SSL exposure and Fyn-knockout mice formed larger and more tumors compared with Fyn wild-type mice when exposed to SSL for an extended period of time. Murine embryonic fibroblasts (MEFs) lacking Fyn and cells in which Fyn expression was knocked down were resistant to SSL-induced apoptosis. Furthermore, cells expressing mutant Fyn (C448A) were resistant to SSL-induced apoptosis. These findings suggest that Fyn acts as a regulatory nexus between solar UV, ROS and signal transduction during skin carcinogenesis.
INTRODUCTION
Skin cancer is the most common cancer in the United States, with more cases diagnosed each year than breast, prostate, lung and colon cancers combined. 1 Solar ultraviolet (UV; that is, sunlight) irradiation is a major etiological environmental factor in the development of skin cancers, including basal cell carcinomas, squamous cell carcinomas and melanomas. Recent studies have shown that~90% of nonmelanomas and 86% of melanoma skin cancers are associated with exposure to solar UV. [2] [3] [4] [5] The role of solar UV in skin cancer development has been the subject of intensive research efforts for many years. Solar UV activates numerous cellular signal transduction pathways, leading to changes in gene expression patterns that are associated with carcinogenesis.
The Src family of protein tyrosine kinases has crucial roles in regulating signal transduction through a number of cell surface receptors. 6 Fyn is a prominent member and is ubiquitously expressed in the human body, including the skin. Fyn comprises an N-terminal region required for plasma membrane binding, two Src homology domains (SH2 and SH3) involved in protein-protein interactions, a catalytic domain that includes an adenosine triphosphate (ATP)-binding site and a C-terminal tail containing a site that negatively regulates tyrosine phosphorylation. 7 Previous studies have focused on the relationship between solar UV and Fyn, [8] [9] [10] demonstrating that solar UV induces Fyn activity. In addition, a number of cellular signals that are induced by solar UV are also mediated by Fyn. 7 However, the detailed mechanism responsible for explaining how solar UV activates Fyn has not been elucidated.
When solar UV photons strike the skin, they are absorbed by the epidermal layers until the energy dissipates. 11 The absorption of solar UV irradiation occurs through chromophores such as tryptophan, urocanic acid, riboflavin and others, which are present in skin cells and generate reactive oxygen species (ROS), including hydrogen peroxide (H 2 O 2 ), the superoxide anion radical (O 2 − ), the hydroxyl radical (OH) and singlet oxygen molecules ( 1 O 2 ), as well as lipid peroxides and their radicals (LOOH and LOO -). 12 The resultant ROS generation is a key mediator of solar UV-induced cellular signaling. 13 However, the primary activator of the downstream signaling pathways involved has remained elusive. For our studies, we use a solar simulated light (SSL) source as an experimental model to mimic solar UV. Here we report that Fyn is an initial effector of ROS-mediated signal transduction induced by SSL. We also demonstrate the role of Fyn in SSL-induced skin carcinogenesis. Mice lacking Fyn (Fyn − / − ) developed larger and greater numbers of tumors compared with wild-type (wt; Fyn +/+ ) mice when exposed to SSL for extended time periods. Murine embryonic fibroblasts (MEFs) lacking Fyn (Fyn − / − ) and cells expressing knockdown Fyn (shFyn) were highly resistant to SSLinduced apoptosis. Taken together, these results suggest that Fyn acts as a central regulatory nexus between solar UV exposure, ROS and signal transduction in skin carcinogenesis. Fyn is activated by ROS We next examined a potential role for ROS in SSL-induced signaling involving Fyn. We used the glutathione precursor N-acetylcysteine and an enzymatic scavenger of H 2 O 2 catalase, to alter cellular redox states, and found that either of these agents could attenuate SSL-induced Fyn activity (C488A). C488A was selected on the basis of its importance in terms of corresponding residues in another Src family kinase, Lyn, which is responsive to ROS. 14 (Figure 3a) . SSL had similar effects on PKCδ in wt compared with mutant Fyn (Figure 3b ). We then assessed reduced and oxidized Fyn cysteine residues using biotinylated iodoacetamide (BIAM) labeling for reduction, and iodoacetic acid (IAA) and BIAM carboxymethylation double labeling to assess oxidation, respectively. 15 We found that the C488A mutant-expressing cells exhibited substantially less oxidation compared with the Fyn wt-expressing cells (Figure 3c ). To verify that Fyn undergoes oxidation when subjected to SSL in vivo, SKH-1 hairless mice were exposed to H 2 O 2 (as a control) or SSL irradiation and then skin proteins were recovered at the indicated time points. The redox status of Fyn was measured using the same method as for the in vitro experiments. Fyn oxidation increased, whereas Fyn reduction decreased in mouse skin exposed to either H 2 O 2 or SSL in vivo (Figure 3d ). H 2 O 2 or SSL induced phosphorylation of JNKs, p38 and PKCδ, which are downstream of Fyn (Figure 3e ). SSL-induced phosphorylation of JNKs, p38 and PKCδ was also decreased in C488A mutant Fyn MEFs (Figure 3f ), C488A HaCaT (Figure 3g ) or C488A HeLa (Figure 3h) Figure 4c ) and the average number of SSL-induced tumors per mouse was also significantly increased in Fyn − / − SKH-1 mice compared with Fyn +/+ mice (P o 0.05; Figure 4d ). In addition, SSL treatment increased epidermal thickness associated with edema and epithelial cell proliferation (Figure 4b ). Hematoxylin and eosin staining revealed that after treatment with SSL, epidermal thicknesses in Fyn +/+ SKH-1 mice were increased compared with untreated mice, an observation that supports the findings of previous studies. 16, 17 However, Fyn − / − SKH-1 mice showed a much greater increase in epidermal thickness compared with Fyn +/+ mice ( Figure 4b ). These results demonstrate that lack of Fyn increases SSL-induced tumor formation. . Fyn is known to regulate both pro-apoptotic signaling (for example, JNKs, p38 and PKCδ) and anti-apoptotic signaling (for example, ERKs and Akt). SSL-induced apoptosis decreased with Fyn deficiency, implying that SSL-induced Fyn activation increases pro-apoptotic signaling to a greater extent than antiapoptotic signaling, which could indicate that Fyn is required for SSL-induced apoptosis to prevent skin carcinogenesis. We also observed that treatment with the antioxidant N-acetylcysteine or catalase inhibited SSL-induced apoptosis (Supplementary Figure  2C) , suggesting that ROS are involved in SSL-induced apoptosis.
To examine the importance of the Fyn Cys488 site for SSL-induced apoptosis, we transduced wt or mutant Fyn C488A into Fyn
MEFs or HaCaT cells. Cells were exposed to SSL and apoptosis was measured. Fyn C488A-transduced Fyn − / − MEFs (Figure 5f ) or HaCaT cells ( Figure 5g ) were more resistant to apoptosis compared with their respective wt counterparts. These results demonstrate that Cys488 is necessary for SSL-induced apoptosis.
Fyn phosphorylates PKCδ to mediate SSL-induced apoptosis Tyrosine phosphorylation of PKC correlates with UV-induced apoptosis 18 and Fyn phosphorylates PKCδ. DISCUSSION Solar UV is a major etiological environmental factor in skin cancer and aging, and comprises~95% UVA and 5% UVB irradiation. Both UVA and UVB can activate signal transduction pathways related to inflammation and apoptosis, and under normal sunlight conditions both types irradiate the skin. The identification of the cellular signaling pathway(s) induced by solar UV and their roles in skin carcinogenesis need to be fully understood, in order to support the development of novel therapeutics to treat malignant skin cells. We used UV-340 lamps to mimic solar UV and irradiated HaCaT cells, MEFs and a hairless mouse model. We observed that SSL (60 kJ UVA/m 2 and 3.6 kJ UVB/m 2 ), which is equivalent to 15 min of sun exposure in Austin, MN, USA, in midsummer from 1400 to 1600 h, could activate Fyn. 20 Cellular chromophores such as aromatic amino acids, porphyrins, urocanic acid and DNA can convert irradiation energy into chemical energy. 21 ROS molecules activate a number of cellular signaling pathways. 22, 23 However, a direct connection between solar UV-induced ROS and solar UV-induced signal transduction has not previously been identified. In this study, we provide evidence showing that Fyn is a critical link between ROS and cellular signal transduction, which suggests a prominent role for Fyn in solar UV-induced skin carcinogenesis. Solar UV increases the generation of ROS, resulting in the activation of Fyn and subsequent downstream cellular signaling pathways. ROS are known to modulate downstream pathways by reacting with specific protein targets through the oxidative modification of key cysteine residues. Src family kinases such as c-Src and Lyn are also activated by oxidative modification.
14 Using homology studies between c-Src, Lyn and Fyn, we identified Cys488 as a key Fyn residue undergoing oxidative modification.
14 c-Src contains Cys487, which is a homological residue to Fyn Cys488, and is also important in H 2 O 2 -induced c-Src kinase activation. 24 Cys488 is located in the kinase domain of the Fyn protein and a conservative mutation of the cysteine to alanine gives rise to a redox-insensitive kinase, which cannot be fully activated.
Mounting evidence describes Fyn activation through its redox regulation as a key mediator in solar UV-induced skin carcinogenesis.
Src family kinases have frequently been regarded as oncogenes, 25 with Fyn reportedly promoting many types of cancer. 7 The overexpression of constitutively active Fyn in the skin causes the spontaneous formation of tumors. 26 We previously reported that Src family kinase inhibitors, including myricetin and apigenin, inhibited UV-induced skin carcinogenesis. 17, [27] [28] [29] [30] [31] However, in our SSL-exposed skin cancer model, our results demonstrated that Fyn − / − SKH-1 mice developed larger and greater numbers of tumors compared with Fyn +/+ SKH-1 mice. This suggests that Fyn activation by SSL suppresses tumor formation, revealing a novel aspect of Fyn. Some kinases are known to function both as oncogenes and tumor suppressors. During low-level activation of some kinases, inflammation can occur, with chronic inflammation promoting tumor growth. However, high-level activation of such kinases can stimulate signaling pathways that induce cell death. 32 The p38 kinase is one such example and acts as a major mediator of diverse inflammatory and apoptotic signaling pathways that are dependent on the nature of its induction and the tissue type. 33 In this study, we show a new perspective on Fyn as an apoptotic mediator with similarities to the p38 kinase.
The skin protects the body from physical damage, microbial infection and dehydration. Damaged skin cells that cannot be repaired must be efficiently removed to maintain normal function, but an incorrect balance of apoptosis (cell death) and proliferation is associated with many types of skin disease. 34 The balance between the pro-apoptotic and anti-apoptotic signaling cascades determines cell fate decisions and must remain fine-tuned for optimal skin health. 35 Contradictory evidence exists as to whether Fyn is up-or downregulated during apoptosis. 10, 36, 37 PKCδ is a well-studied regulator of cell death and survival in solar UV-damaged skin cells 38 and previous studies have shown that Fyn can phosphorylate PKCδ. The role of tyrosine phosphorylation of PKCδ by Fyn in PKCδ activity remains controversial. [38] [39] [40] [41] In our study, both knockdown and knockout of Fyn reduced SSL-induced tyrosine phosphorylation and PKCδ activity. Changes in SSL-induced signal transduction in PKCδ knockdown cells were similar for that of Fyn. SSL appears to induce the activation of Fyn is a redox sensor of solar ultraviolet lightPKCδ activity through tyrosine phosphorylation by Fyn. These results suggest that the ROS/Fyn/PKCδ axis has a major role in solar UV-induced cell signal transduction and regulation of apoptosis in the skin.
We report that Fyn is a critical initial point of signal transduction induced by SSL and acts as a redox sensor in SSL-induced signal transduction. ROS directly activate Fyn kinase activity through the oxidation of the Fyn Cys488 residue. Fyn subsequently activates downstream signaling, including JNKs, p38 and PKCδ, which are effectors that have critical roles in stimulating apoptosis. In addition, Fyn − / − SKH-1 mice were more resistant to SSL-induced apoptosis and therefore more susceptible to SSL-induced carcinogenesis compared with their Fyn +/+ counterparts.
MATERIALS AND METHODS Reagents
Active Fyn, PP2, catalase and N-acetylcysteine were purchased from EMD Millipore (Billerica, MA, USA). The Src substrate peptide (KVEKIGEGTYGV-VYK) was purchased from SignalChem (Richmond, BC, Canada). Antibodies specific to detect total MKK3/6, phosphorylated MKK3/6 (Ser189/207), total p38, phosphorylated p38 (Thr180/Tyr182), total MKK4, phosphorylated MKK4 (Ser257/Thr261), total JNKs, phosphorylated JNKs (Ser112), total c-Jun, phosphorylated c-Jun (Ser73), total PKCδ, phosphorylated PKCδ (Y313, T505 and S643), poly (ADP-ribose) polymerase, caspase-3 and caspase-9 were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies to detect total Fyn, total MSK, phosphorylated MSK1 (Ser376) and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell culture SKH-1 hairless mice and cultured as described. 42 All cell lines were purchased from the American Type Culture Collection and were cytogenetically tested and authenticated before being frozen. Each vial of frozen cells was thawed and maintained in culture for a maximum of 8 weeks. Enough frozen vials were available for each cell line to ensure that all cell-based experiments were conducted on cells that had been tested and in culture for 8 weeks or less. HaCaT skin keratinocytes were cultured in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum and 1% antibioticantimycotic. JB6 P+ mouse skin epidermal cells were cultured in minimum essential medium supplemented with 5% fetal bovine serum and 1% antibiotic-antimycotic.
SSL irradiation system
The SSL source comprises UVA-340 lamps purchased from Q-Lab Corporation (Westlake, OH, USA). The UVA-340 lamps provide the best possible simulation of sunlight in the critical short wavelength region from 365 nm down to the solar cutoff of 295 nm with a peak emission of 340 nm. The percentage of UVA and UVB emitted from the UVA-340 lamps was measured by a UV meter at 94.5% and 5.5%, respectively, 16 and about 30 min is required to reach an SSL dose of 60 kJ/m 2 . Once the dose is reached, cells or skin samples were collected either immediately (0 min) or as indicated thereafter.
SSL-induced skin carcinogenesis
Skin carcinogenesis in mice was induced using an experimental SSLirradiation system. Fyn +/+ SKH-1 and Fyn − / − SKH-1 hairless mice were bred, propagated and maintained at The Hormel Institute, University of Minnesota (Austin, MN, USA). Mice were maintained under conditions based on the guidelines established by the Research Animal Resources and the University of Minnesota Institutional Animal Care and Use Committee. The mice were divided into four groups of 6-week-old mice with an average body weight of 25 g. The groups were as follows: group 1 was Fyn +/+ (n = 8) not exposed to SSL as control; group 2 was Fyn +/+ (n = 15) exposed to SSL; group 3 was Fyn − / − (n = 5) not exposed to SSL as control; group 4 was Fyn − / − (n = 8) exposed to SSL. For the experimental SSL-treated groups, mice were initially treated with an SSL dose of 30 kJ UVA/m 2 -1.8 kJ UVB/m 2 twice weekly. The dose was increased by 10% each week until week 6. At week 6, the dose reached 48 kJ UVA/m 2 -2.9 kJ UVB/m 2 and this dose was maintained from week 6 to week 12. At 12 weeks, SSL exposure was discontinued and tumor growth was monitored for an additional 13 weeks. A tumor was defined as an outgrowth of41 mm in diameter that persisted for 2 or more weeks. Tumor numbers and volumes were recorded every week until the end of the experiment. Half of the tumor and skin samples were immediately fixed in 10% neutral-buffered formalin and processed for hematoxylin and eosin staining. The other half was frozen for western blot analysis.
Immunoblot analysis
Cell lysates were prepared with radioimmunoprecipitation assay buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA and 1 × protease inhibitor tablet). Equal loading of protein was confirmed using a bicinchoninic acid assay (Pierce, Rockford, IL, USA). Proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (EMD Millipore). Membranes were blocked with 5% non-fat dry milk for 1 h at room temperature and incubated with the appropriate primary antibodies overnight at 4°C. After washing with phosphate-buffered saline containing 0.1% Tween 20, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody at a 1:5000 dilution and the signal was detected with a chemiluminescence reagent (GE Healthcare, Piscataway, NJ, USA).
Apoptosis analysis SSL-induced apoptosis was determined using the annexin V-FITC apoptosis detection kit (MBL International Corp., Woburn, MA, USA) following the manufacturer's instructions. After SSL irradiation, cells were collected at the indicated time points, washed with phosphate-buffered saline and then incubated for 5 min at room temperature with annexin V-FITC plus propidium iodide. Apoptosis was analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). 
DNA fragmentation
Cells were disrupted by adding lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% Triton X-100) and incubated on ice for 45-90 min followed by centrifugation at 12,000 g for 45 min at 4°C. The supernatant fraction containing fragmented DNA was mixed with 5 μl of protease K at 50°C for 3 h and centrifuged at 12,000 g for 30 min at 4°C. The DNA was extracted twice with phenol:chloroform:isopropyl alcohol (25:24:1) and once by chloroform. One-tenth volume of 3 MNaAc and 2 volumes of ethanol were added to the DNA extraction part and kept at − 20°C for 1-2 h or overnight before centrifugation at 12,000 g for 30 min at 4°C. The DNA pellet was washed with 70% ethanol and resuspended in Tris-EDTA buffer with 1 mg/ ml RNase A. DNA fragments were separated by 2% agarose gel electrophoresis, stained with ethidium bromide and photographed under UV light.
Fyn kinase assay
The in vitro kinase assays were performed following the instructions provided by EMD Millipore. In brief, every reaction solution contained 20 μl of assay dilution buffer (20 mM MOPS pH 7.2, 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate and 1 mM dithiothreitol) and a magnesium-ATP cocktail buffer. For Fyn, 250 μM Src substrate peptide was also included. A 2.5 μl aliquot was removed from the reaction mixture, which contained 2.5 μl of 250 μM Src substrate and 10 μl diluted [γ-
32 P] ATP solution, and incubated at 30°C for 30 min. Next, 15-μl aliquots were transferred onto p81 paper and washed three times with 0.75% phosphoric acid for 5 min/wash and once with acetone for 5 min. The radioactive incorporation was determined using a scintillation counter.
For ex vivo Fyn immunoprecipitation and kinase assays, 500 μg of cell lysate protein was mixed with Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, 20 μl) for 1 h at 4°C in advance. The mixture was centrifuged at 12,000 r.p.m. for 5 min at 4°C, and a Fyn antibody (10 μg) was added to the supernatant fraction and gently rocked overnight at 4°C. These tubes were centrifuged and pellets washed twice. The pellets were suspended in 6.5 μl of kinase buffer supplemented with 10 μl of diluted [γ-32 P] ATP solution and 2.5 μl of Src substrate peptide (250 μM), and incubated for 15 min at 30°C. Next, 15 μl aliquots were transferred onto p81 paper and washed three times with 0.75% phosphoric acid for 5 min/wash and once with acetone for 5 min. The radioactive incorporation was determined using a scintillation counter.
For measuring transfected Fyn kinase activity, 500 μg of cell lysate protein was mixed with Protein A/G PLUS-Agarose beads (20 μl) for 1 h at 4°C in advance. The mixture was centrifuged at 12 000 r.p.m. for 5 min at 4°C, and a His antibody (1 μg) was added to the supernatant fraction and gently rocked overnight at 4°C. The beads were incubated with 0.5 μg PKCδ and 100 μM of ATP for the indicated time with continuous mixing. Kinase activity was measured by western blotting using a phosphotyrosine antibody (Santa Cruz Biotechnology).
PKCδ kinase assay
The in vitro kinase assays for PKCδ were performed following the instructions provided by EMD Millipore. In brief, every reaction solution contained 20 μl of assay dilution buffer (20 mM MOPS pH 7.2, 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate and 1 mM dithiothreitol) and a magnesium-ATP cocktail buffer. For PKCδ, 250 μM of the PKC substrate peptide (KRREILSRRPSYR) were also included. A 2.5 μl aliquot was removed from the reaction mixture, which contained 2.5 μl of 250 μM PKC substrate and 10 μl diluted [γ- 32 P] ATP solution and incubated at 30°C for 30 min. Next, 15 μl aliquots were transferred onto p81 paper and washed three times with 0.75% phosphoric acid for 5 min/wash and once with acetone for 5 min. The radioactive incorporation was determined using a scintillation counter.
For ex vivo PKCδ immunoprecipitation and kinase assays, 500 μg of cell lysate protein were mixed with Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, 20 μl) for 1 h at 4°C in advance. The mixture was centrifuged at 12,000 r.p.m. for 5 min at 4°C, and a PKCδ antibody (10 μg) was added to the supernatant fraction and gently rocked overnight at 4°C. These tubes were centrifuged and pellets washed twice. The pellets were suspended in 6.5 μl of kinase buffer supplemented with 10 μl of diluted [γ- 32 P] ATP solution and 2.5 μl of PKC substrate peptide (250 μM), and incubated for 15 min at 30°C. Fifteen-microliter aliquots were then transferred onto p81 paper and washed three times with 0.75% phosphoric acid for 5 min/wash and once with acetone for 5 min. The radioactive incorporation was determined using a scintillation counter.
BIAM-mediated carboxymethylation
At 24 h after transfection with pcDNA4His-Fyn, HEK293T cells were disrupted using lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10% glycerol and a protease inhibitor cocktail tablet) containing 100 μM BIAM (Thermo Fisher Scientific). Fyn was immunoprecipitated with anti-His and Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology). The immunocomplexes were separated by SDS-polyacrylamide gel electrophoresis and BIAM labels were detected with horseradish peroxidaseconjugated streptavidin and ECL. 14 
IAA and BIAM-mediated double carboxymethylation
For double carboxymethylation with IAA and BIAM labeling, HEK293T cells were treated as described above, with the exception that the lysis buffer contained 30 mM IAA instead of BIAM and the incubation occurred for 15 min at 37°C. Cells were treated as described above and Fyn was immunoprecipitated with anti-His. After washing, the immunoprecipitated Fyn proteins were denatured with the addition of 200 μl lysis buffer containing 8 M urea and 30 mM IAA, and incubated for 15 min at 37°C, to ensure the carboxymethylation of non-exposed reduced cysteines. Proteins were precipitated with cold acetone/HCl/H 2 O (at a ratio of 92:2:10), to remove IAA. After centrifugation, the pellets were suspended in 50 μl lysis buffer containing 8 M urea. Thereafter, 3.5 mM DDT was added to half of each sample and the second carboxymethylation with biotinylated probe (10 mM BIAM in lysis buffer for 15 min at 37°C) was performed to detect previously oxidized cysteines. Immunocomplexes labeled with BIAM were detected with horseradish peroxidase-conjugated streptavidin and ECL.
